Abstract-In this paper, we present the joint activities developed in the frame of the FP6 European Network of Excellence METAMORPHOSE in the field of new micro-structured materials for antenna applications. One of the key scientific goals of the research efforts developed within this network is to design innovative micro-structured materials to improve the performances of conventional radiators. Miniaturization, multifunctionality, reduced interference with electronic circuitry, are some of the main challenges in the design of antennas for the next generation of electronic transceivers in the microwave frequency range. The employment of different classes of metamaterials in innovative antenna layouts has been demonstrated to be effective to reach most of the desired goals. The theoretical, numerical and experimental efforts carried out by the leading European institutions working in this field, in fact, show how metamaterial antennas with unusual features are ready to push the innovation in the antenna research. The collaborative dimension of this research is described in this paper, as well as the related scientific achievements.
I. INTRODUCTION
The recent quick development of electronic and telecommunication systems requires ever smaller radiators. Miniaturization, multi-operation, multi-functionality, reduced interference with nearby circuits, greater performances in terms of efficiency and directivity are some of the main challenges in the present and future antenna design.
Whatever is the application, miniaturized antennas are always an industrial need in mobile and satellite communication systems. However, despite the efforts and the progresses in the antenna design, the radiator still represents the most bulky electronic device of a (micro-)system.
Significant efforts have been devoted in the past to achieve low-power miniaturized electronic and RF components. Lowpower modules require high-efficient low-loss miniaturized components and high-impedance solid state devices are the best solution to minimize power consumption. The size reduction of micro devices, in fact, leads to low bias currents and high impedance terminations (e.g. in MEMS we have even 10 k ). In order to integrate antennas on a chip, together with the remaining circuitry of the front-end of micro-systems, miniaturized antennas with the desired features (small dimensions, high input impedance, etc.) are needed, while not being readily available. In addition, nano-scale devices based on Carbon Nano Tube (CNT) high-speed transistors or nanoscale MESFETs are emerging as the new technology for very fast and very low-power devices, exhibiting also highimpedance terminations. Also in this framework miniaturized high-impedance antennas will be needed.
As far as small antennas are concerned, the fundamental limitations on the bandwidth, gain, and efficiency have been analytically related to the antenna size [1] . Different standard techniques have been used to reduce antenna size, but they have important drawbacks: the employment of high-epsilon materials leads to poor efficiencies and bandwidths; ceramic materials cannot be easily integrated in current circuit technology; slotted or irregularly shaped antennas show very little versatility and the design is based on heuristic techniques; the employment of Genetic Algorithms and optimization tools results in irregular antenna shapes, with the consequence of a weak control on the pattern shape and on the radiating antenna performances.
Multi-functionality and reduction of the interferences between the antenna and the circuitry residing in close proximity are other faces of the same medal. When integrating the antenna in a complex micro-system, in fact, the reuse of the radiating components for different services and the minimization of the cross-talk with other circuits placed at very short electric distances become unavoidable issues to be considered.
The challenges coming from this new scenario can be successfully taken by using proper micro-structured metamaterials, which are able to make the antennas smaller and smaller and to enhance their basic performances. The challenging nature of this research needs the cooperation among theoretical, numerical and experimental expertises in the broad field of metamaterials. The aim of this paper, thus, is to present the collaborative work done in this specific field in the framework of a research project supported by the METAMORPHOSE Network of Excellence (NoE).
II. RESEARCH ACTIVITIES
The goal of this research is to propose the design of innovative micro-structured metamaterials based on resonant and non-resonant magnetic inclusions, such as magnetodielectrics, Mu-NeGative (MNG) metamaterials, and metasurfaces, to improve antenna miniaturization and enhance multi-functionality. The research activities we will detail in the following sub-sections are articulated in four main tasks: a) design of miniaturized magnetic inclusions; b) design of MNG and magneto-dielectric substrates for miniaturized patch antennas, c) design of magnetic inclusions as covers and reflectors for dipole antennas; d) design of metasurfaces for enhanced radiation properties.
Artificial magnetic materials (AMMs) have been theoretically shown to be very useful in the design of patch antennas with reduced dimensions when they are combined with other materials [2] or contain natural magnetic inclusions [3] . AMMs are obtained by including proper magnetic resonant particles in a host dielectric. If the dimension and the separation between the inclusions are both small compared to the wavelength, the artificial material can be described through a macroscopic permeability, whose typical behaviour is reported in Fig. 1 . The frequency region below the resonance refers to the magneto-dielectric materials, having a high and positive real part of the permeability. The narrow window around the resonance describes, instead, the behaviour of the Artificial Magnetic Conductor (AMC) or High Impedance Surface (HIS) region, where the material resembles a Perfect Magnetic Conductor (PMC). Just above the resonance, the real part of the permeability is negative, describing, thus, the MNG metamaterials. Finally, another class of interesting artificial materials is the one exhibiting a close to zero (Mu-Near Zero -MNZ materials) permeability.
A. Design of miniaturized magnetic inclusions: analytical models and experimental verification
In order to reduce the antenna dimensions by using AMMs, a required preliminary exercise to be done is the miniaturization of the inclusions to be used. Miniaturized magnetic inclusions can be obtained by using Multiple SplitRing Resonators (MSRRs) and Spiral Resonators (SRs). New and accurate analytical models for a quick design of such inclusions have been developed by the group of Roma Tre [4] . The comparison with full-wave simulations confirms the effectiveness of the models and the experimental verification is currently on the way in collaboration with the group of Bilkent [5] . SRs are also fabricated in UPC (see Fig.2 ) and also in this case numerical simulations and measurements are in a good agreement. Further degrees of freedom in the design of miniature SRs can be obtained by means of complex shapes. This part of the work is conducted in QUB and the results show that the properties of SRs can be efficiently controlled by independent variations of internal magnetic and electric couplings and the structure geometry. 
B. Design of MNG and magneto-dielectric substrates for miniaturized patch antennas
Recently, some theoretical works have shown the possibility to realize sub-wavelength patch antennas with AMMs [2] - [3] . In [2] it has been shown how circular patch antennas can be made very small compared to the operating wavelength, by pairing ideal isotropic and homogeneous MNG materials and regular dielectrics. When going towards a practical realization of the MNG metamaterial through proper resonant inclusions (see Fig.3 ), the issues related to the anisotropy of the actual material can be neglected [7] . In order to reduce the size of the inclusions required by the small thickness of the substrate of a patch antenna, the group of Roma Tre has proposed to employ the SRs designed according to the model proposed in [4] . Fig. 3 Model of a patch antenna loaded with magnetic inclusions (from [7] ).
The numerical simulations of the structure, made through CST Microwave Studio®, show a perfect agreement with the theoretical expectations [7] . The field distribution underneath and the current density on the patch exhibit the same behaviour in the two cases. The resulting matching features and patterns are reported in Fig.4 . A /25 patch antenna with reasonable efficiency (67%) and good gain (3.4 dBi) has been demonstrated. This antenna is going to be fabricated in the present collaborative project by the group of Bilkent. Another way to obtain miniaturized patch antennas without perturbing too much the remaining features of the antenna is to employ composite magneto-dielectric substrates with natural magnetic inclusions [3] . Fig. 5 illustrates the results for an antenna filled with a magnetic composite material containing thin iron sheets separated by dielectric spacers. 
C. The role of magnetic inclusions in the design of covers and reflectors for dipole antennas
Magnetic inclusions working at the resonance frequency can be used to obtain AMC reflectors. In this case, in fact, an electric source (e.g., a dipole) can be placed in a close proximity of the reflector, reducing, thus, the space occupied by the whole radiator. The group of UPC has proposed the employment of inexpensive continuous aluminium profiles with a split-ring shaped cross section to realize AMCs [8] . A proper experimental verification of the radiation of a dipole in close proximity of this reflector has been conducted, as seen in Fig.6 . The dipole radiation above the AMC is enhanced while reducing the profile of the whole system, when compared to a metallic ground plane. The same group has proposed the employment of SRs as magnetic inclusions for a multifunctional reflector, working either as an AMC or a Perfect Electric Conductor (PEC) plate. This property has been studied in [9] for the Capacitively Loaded Loop (CLLs) case, and states that this type of AMC slabs behave as PMC when the incident electric field impinges on one side, and as a PEC when the incidence is on the opposite side of the slab. The measured phase of S 11 and S 22 is plotted in Fig.7 . Also in this case, the behaviour of a dipole radiating above this structure has been proposed (Fig.8) , showing a profile reduction when comparing the dipole over the SR AMC surface at 5 mm, and over a regular PEC at 25 mm (i.e. /4). In the same framework, the groups of Roma Tre and Siena are investigating the behaviour of an electric source in presence of a reflector (or a cover) made by resonant magnetic inclusions. Investigations based on both theoretical predictions derived through simple engineering formulas and full wave results with commercial software and ad-hoc fast solvers are being carried out. The fast solver is able to model efficiently a periodic substrate of several Split Ring Resonators (SRRs) with a radiating metallic dipole on top. As an example, in Fig. 9 it shown the radiation pattern of a short dipole with length 0 /9 on a wall made by two layers of SRR, similar to the one in [9] . The dipole is located at a distance of 0 /8.5 from the SRR wall. Note the absence of secondary peaks and the low back radiation. Furthermore, preliminary results show an input resistance of 6-7 Ohms, which is larger than that of such a small dipole in free space. It has been shown also that the presence of a wall made by SRR may act as a multi-functional radiator pointing towards opposite directions, depending on the resonance or out-of-resonance behaviour of the SRR reflector/cover. 
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D. Design of metasurfaces with enhanced radiation properties
The main goal of this part of the project, conducted jointly by UPNa and Loughborough, is the design of metasurfaces capabale of increasing the directivity of standard dipoles. The meta-superstrate configuration is based on two parallel dipoles and a continuous wire [10] , as it is shown in Fig. 10a . This unit cell has a pass-band and a stop-band frequency. Tuning a dipole to the pass-band frequency of the superstrate, the directivity and efficiency of the whole system, i.e., dipole antenna plus meta-superstrate will be enhanced. The physical dimensions are as follows, the length of the dipoles is l d =9.17 mm, the thickness of the dipoles and wires t=0.8 mm, the dielectric constant r =2.2, the copper cladding p=17 μm, the lattice constants a=1.6 mm and b=10.17 mm, the vertical distance 2h=1.57 mm and distance from the dipole to the superstrate 1.01 mm. As it can be observed in Fig. 10a , the dipole is placed behind the cut wires so that the current induced in the short dipoles goes in phase with the current of the radiant dipoles. This allows to place the dipole very close to the meta-surface without losing radiation efficiency. The thickness of the whole configuration is 2.62 mm, i.e., less than 0 /11 at the resonant frequency of 10 GHz.
The physical area of the meta-surface is 31.5 mm x 11.2 mm, i.e., 0.39 2 0 at 10 GHz. The whole radiating system has been analyzed in terms of return losses, boresight radiation and back radiation (see Fig. 10b ). The dashed line represents the amplitude of the S 11 parameter. A resonant frequency has been obtained at 10 GHz with an impedance matching of -10 dB. Around this resonant frequency, the directivity at boresight increases (continuous line) and the back radiation decreases (dotted line). The directivity achieved at the resonance of 10 GHz was 8 dBi (versus 2.2dBi for a regular dipole), which means an aperture efficiency ap = 1.28. The maximum directivity obtained was 8.7 dBi at 10.54 GHz, i.e., ap = 1.35. These values larger than one are normal in small antennas and are included to show the very high aperture efficiency that can be obtained with the presented configurations. 
